[1] This study investigates the changes in winter cold extreme events over East Asia in the present and future climates. Two distinct terms to indicate cold extreme events are analyzed: "cold day," which describes a temperature below a certain threshold value (e.g., simply cold weather), and "cold surge," which describes an abrupt temperature drop (e.g., relatively colder weather than a previous day). We analyze both observations and long-term climate simulations from 13 atmospheric and oceanic coupled global climate models (CGCMs). The geographical distribution of sea level pressure corresponding to a cold day (cold surge) is represented by a dipole (wave train) feature. Although cold day and cold surge show similar patterns of surface air temperature, they are induced by the out-of-phase sea level pressures. From the results of our analysis of a series of future projections for the mid and late twenty-first century using the 13 CGCMs, cold day occurrences clearly decrease with an increasing mean temperature (a correlation coefficient of −0.49), but the correlation between cold surge occurrences and the mean temperature is insignificant (a correlation coefficient of 0.08), which is supported by the same results in recent observation periods . Thus, it is anticipated that cold surge occurrences will remain frequent even in future warmer climate. This deduction is based on the future projections in which the change in the day-to-day temperature variability is insignificant, although the mean temperature shows significant increase. The present results suggest that living things in the future, having acclimatized to a warmer climate, would suffer the strong impact of cold surges, and hence the issue of vulnerability to cold surges should be treated seriously in the future.
Introduction
[2] Cold extreme events bring a high-latitude cold air into midlatitude and subtropical regions. Because of the vulnerability of living things to extreme weather conditions corresponding to recent climate change, cold extreme events inflict enormous sufferings on human societal activities [Kunkel et al., 1999] . It is important to understand and assess the behavior of cold extreme events, especially in relation to the recent notable global warming and the future climate. Generally, cold extreme events are defined as an extremely low daily temperature anomaly termed "cold day" [Trenberth et al., 2007] and/or an abrupt temperature drop from one day to the next called "cold surge" [Boyle and Chen, 1987] .
[3] Over the last few decades, surface temperature has globally risen, with large regional variations and considerable warming trends in East Asian countries [Trenberth et al., 2007] . Considering the positive shift of the normal temperature distribution induced by an increase in the mean, it is natural that cold day occurrences would decrease with the shrinking of the cold tail. The majority of global land areas have suffered less severe cold days since the 1970s [Alexander et al., 2006] ; in particular, a reduction in cold day occurrences is more apparent over East Asia [Zhai and Pan, 2003; Gong and Ho, 2004; Choi et al., 2009] . On the basis of numerous models, ranging from simple climate models to atmospheric and oceanic coupled global climate models (CGCMs), Meehl et al. [2007] have summarized that, almost everywhere, cold days are projected to significantly decrease in the warmer climate projected in the future. The most dominant signal of such a trend is found over East Asia [Gao et al., 2002; Mizuta et al., 2005; Boo et al., 2006] .
[4] By contrast, cold surge, a term distinct from cold day, is associated with the daily variability of temperature, rather than the mean temperature. Since the mean (e.g., daily average) and the variability (e.g., day-to-day changes) are separate properties of nature, the decrease in cold surges may not be able to be simply induced by a general warming. Walsh et al. [2001] claimed that despite recent global warming, there is no long-term trend toward fewer cold surge occurrences in Europe and the United States in historical observations. However, so far, no study has documented the influence of global warming on changes in cold surge occurrences over East Asia, while some previous studies have focused on the characteristics of cold surges [Takaya and Nakamura, 2005; Jeong et al., 2006] and their relation to large-scale circulations [Jeong and Ho, 2005; Park et al., 2011] . Though the cold surge-related temperature variability strongly influences human activity and a living thing adjusted to recent or future warming climates, changes in the variability of daily temperature under global warming seem to be neglected somewhat, compared with the changes in the mean temperature.
[5] In general, the cold surges are regarded as the only temperature decrease. In a case over East Asia, however, the definition of cold surges includes an amplification of the Siberian High (i.e., a sudden surface pressure change) as well as an abrupt temperature drop [e.g., Zhang et al., 1997a; Jeong and Ho, 2005; Park et al., 2011] . Because the surface pressure change is an essential factor in the cold surge definition, the cold surges are called 'East Asian pressure surges' [Compo et al., 1999] . During cold surge occurrences, the increase in surface pressure leads to a strengthening northerly wind related to cold advection along the eastern edge of the Siberian High. When the dominant northerly wind brings a cold air from the continent into East Asia, a wind chill/ sensory temperature becomes colder, while a real temperature is constant regardless of the northerly wind. Namely, the dominant northerly wind can greatly drop the wind chill temperature during cold surge occurrences. Thus, the cold surges induce the lower wind chill temperature though the real temperature during cold surges may be higher than that during cold days. Undoubtedly, if the cold surges overlap with cold days the combined impacts of both the lower wind chill and real temperatures can cause the severe societal damage on human activity. Recently, we have experienced abrupt temperature drops and low temperatures over East Asia during the 2005/2006 and 2009/2010 winters, and the frequent occurrences of cold surges and cold days led to severe damage in the social and economic sectors [Park et al., 2008 [Park et al., , 2010 . These events highlight the importance of studies of changes in cold surges and cold days related to global warming.
[6] In addition, in terms of a consideration on temperature adaptation and its vulnerability for a living thing, to get suddenly colder day by day in relatively warmer days (i.e., cold surge) may be more influenceable, compared to be just cold day (i.e., cold day). Cannell and Smith [1986] and Inouye [2000] have reported a seemingly paradoxical hypothesis in which a warming climate may actually increase the risk of plant frost damage. The underlying hypothesis is that mild and warm winters, which are expected to occur as the climate warms, induce premature plant development, resulting in exposure of vulnerable plant tissues to subsequent abrupt temperature drop. Gu et al. [2008] have confirmed the hypothesis that a sudden temperature drop in a warming situation has a harmful influence on an ecosystem through a case study about the severe freeze damage to plants induced by the dramatic temperature decrease under unusually warm conditions over the eastern United States in 2007. Thus, they have emphasized that an abruptly getting colder day can become a real threat to terrestrial ecosystem in a warming climate, compared to a simply lasting cold day.
[7] In the present study, we examine the changes in cold days and cold surge occurrences over East Asia in the present and future climates on the basis of both observations and climate change projected simulations of models anticipated in the Intergovernmental Panel on Climate Change (IPCC), Fourth Assessment Report (AR4). Subsequently, as a possible reason for the changes in cold day and cold surge occurrences, we investigate the links between cold day, cold surge, mean temperature, and temperature variability.
[8] The paper is organized as follows. Section 2 describes the CGCMs data used and the definitions adopted to identify cold days and cold surges. Section 3 presents the general features of cold days and cold surges in the present climate and their future projected changes, followed by the responsible causes for these changes. Finally, the findings of the present study are summarized and discussed in section 4.
Data and Methodology

Data
[9] To verify the performance of the model for simulating changes in cold days and cold surges and to gain confidence for future projections, the spatial features and changes in the present climate derived from the model simulations are compared with those from observations. For this, we use daily surface air temperature (SAT) data from 103 stations in China and 13 stations in Korea obtained from the China Meteorological Administration and the Korea Meteorological Administration, respectively. In addition, daily SAT and sea level pressure (SLP) from the National Centers for Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR) Reanalysis [Kalnay et al., 1996] is used in order to capture the cold anomaly and the amplification of the Siberian High, respectively, related to the cold surges. Observation analyses are carried out for the 26 winters from 1980/1981 to 2005/2006. [10] We analyze long-term model simulations obtained from 13 CGCMs, which are parts of the models that participated in the IPCC AR4. For this study we select the following 13 models: CCCMA-CGCM3.1_T63, CCCMA-CGCM3.1_ T47, CNRM-CM3, CSIRO-MK3.0, CSIRO-MK 3.5, GDFL-CM2.0, GDFL-CM2.1, GISS-AOM, GISS-ER, MIROC3.2_ hires, ECHAM5/MIP-OM, MRI-CGCM2.3.2, and CCSM3. Detailed descriptions of the CGCMs used are summarized in Table 1 . Among the IPCC AR4 CGCMs, some models are excluded because of the absence of required daily variables and inconsistency of the time calendar.
[11] Three time periods spanning 20 years each are used for the analysis of the present and future climate. The present climate is represented by model simulations with anthropogenic and natural forcing for the late twentieth century (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) , which is a part of the 20C3M simulation. To represent the future climate, we adopt the CGCMs output for the mid twenty-first century (2046) (2047) (2048) (2049) (2050) (2051) (2052) (2053) (2054) (2055) (2056) (2057) (2058) (2059) (2060) (2061) (2062) (2063) (2064) (2065) and the late twenty-first century (2081-2100) corresponding to the Special Report for Emission Scenario (SRES) A1B climate change projection run. For these three time periods, daily SLP and SAT data are analyzed during the period of November through March when affects of cold days and cold surges are dominant.
Definitions of Cold Day and Cold Surge
[12] The cold days and cold surges in observation are defined using the SAT at stations. To exclude small-scale cold extremes caused by local effects such as radiative cooling, which can affect a single station, and for a reliable comparison between the observation and model simulations, we divide the 116 stations into 5°× 5°grid boxes and then apply the SAT values averaged over each grid box.
[13] A cold day is defined in basis on the SAT anomaly relative to the mean for 1980-2006 at 5°× 5°grid boxes over the East Asian region (105°E-130°E, 20°N-50°N), as depicted in Figure 1 . When the SAT anomalies in one grid point and its surrounding grid points (i.e., five grid points) are less than −1.5s (s is the standard deviation of daily SAT during the 26 winters of 1980-2006 and 151 days for each winter) at a specific grid point, the day is determined as a cold day occurrence. For example, if 1s at a specific grid point is 2°C, the day when all SAT anomalies in the grid point and its four surrounding gird points are less than −3°C is selected as cold day occurrence.
[14] A cold surge is identified by both a strong Siberian High and an abrupt SAT drop. First, the day of the strong Siberian High is determined as the day when the magnitude of SLP in the center of the surface anticyclone over southern Siberia (90°E-115°E, 35°N-55°N, Figure 1 ) exceeds 1035 hPa [Zhang et al., 1997a] . The center of the surface anticyclone is defined as the grid point where the SLP is larger than the values of the eight surrounding grid points [Zhang and Wang, 1997] . Next, among the days of the strong Siberian High, the cold surge is defined as the day when the SAT in both the grid box and its four surrounding grid boxes over East Asia decreases abruptly by 1.5s over one or two days. The procedure of the cold surge definition is analogous to the methods of Park et al. [2011] .
[15] In model simulations, the cold days and cold surges are defined using the model-based gridded SAT instead of the SAT of 5°× 5°grid boxes calculated from the values at the stations. We apply the same definitions as those used for the observation data. Cold days are identified from the daily SAT anomaly and s at the grid points over East Asia in the models (Figure 1 ), which are based on a value relative to the mean for 1980-1999 at each grid point and its standard deviation, respectively. This cold day definition is a slightly modified one on that of Vavrus et al. [2006] . The days of strong Siberian High and abrupt SAT drop at the grid points are also used for the definition of cold surge in the models [Zhang et al., 1997b] . Because of the difference in the number of grid points over southern Siberia and East Asia, corresponding to the horizontal resolutions, it is noted that the numbers of cold days and cold surges in the models detected by the above definitions depend on the horizontal resolutions of the climate models. Thus, a model of higher resolution is apt to simulate more occurrences of cold days and cold surge. As we will see, this intermodel discrepancy does not affect our major conclusion, which is associated with the time dependency of cold extremes.
Results
General Features of Large-Scale Environments During Cold Days and Cold Surges
[16] The primary aim of this study is to assess changes in cold day and cold surge occurrences under global warming using observation and model simulations. First, it is necessary to examine the characteristics of large-scale environments related to the observed cold days and cold surges in the present climate and further compare them with those simulated in the CGCMs. The analysis results would help validate our assessment of changes in the future climate.
[17] The observed distributions of SLP and SAT during the dates of cold day occurrences are displayed in Figure 2a . Dipole features of high pressure over the East Asian continent and low pressure over the northwestern Pacific are found. The high pressure seems to have originated from the Siberian High and expands to the Far East, while the low pressure is weak relative to the high pressure. Because of a southerly flow along the western edge of the high pressure and a northerly flow between the high and low pressures, warm and cold anomalies are located around the Arctic and over East Asia, respectively (figure not shown), which is out of phase with the SLP pattern. Cold days influence the whole of East Asia through a widespread cold anomaly. Figures 2b-2n show the spatial pattern of SLP and SAT for the cold days simulated in the 13 CGCMs. In general, the dipole features have a slight difference in amplitude with respect to the models; e.g., weaker in MIROC3.2_hires (Figure 2k ) and stronger in GISS-AOM (Figure 2i ) and GISS-ER (Figure 2j ) relative to other models. All the models produce nearly the same dipole features on cold days corresponding to the observations, although some models (e.g., GISS-ER and CCCMA-CGCM3.1_T63/T47) show very weak wave train features with weak high pressures over the North Pacific.
[18] Unlike cold days, the observed SLP anomalies on the dates of the cold surge occurrence are characterized by a wave train feature (Figure 3a) : two high-pressure systems over the Lake Baikal area and the North Pacific and a low-pressure system over the Korea-Japan region. The related warm-coldwarm anomalies are found in the regions between the highlow-high pressures. Southerly and northerly flows along the edges of these pressure patterns seem to lead to out-of-phase features of SLP and SAT, which are in accord with the geographical features of typical cold surges as shown by Park et al. [2011] . The cold anomaly associated with the cold surges tends to concentrate around a smaller region, compared with the cold anomaly during cold days. Interestingly, a widespread warm anomaly ranging from south China to Japan is observed ahead of the cold anomaly, which means an outbreak of warm weather before the cold surge occurrence. In the model simulations of the cold surge, CNRM-CM3 (Figure 3d ), GDFL-CM2.0 (Figure 3g) , and GFDL-CM2.1 (Figure 3h ) simulate a relatively weak wave train feature in which incomplete high pressure forms over the North Pacific. Moreover, the wave train feature in CCCMA-CGCM3.1_T63 and T47, GISS-AOM and ER, and MRI-CGCM2.3.2 is more evident than that in the observations and the other models. In general, most models reproduce the observed wave train features of SLP and SAT for cold surges well.
Changes in Cold Day and Cold Surge Occurrences in the Present and Future Climates
[19] Prior to analyzing changes in cold day and cold surge occurrences from the CGCM simulations, we examine the observed features in the present climate situation. During the last 26 winters , a considerable decrease in cold days, a slight increase in cold surges, and a strong warming trend are observed over East Asia (Figure 4a ). The decrease trend of cold days and the warming trend are significant at the 99% confidence level (Table 2) . However, the number of cold surge occurrences hardly change for the period from 1980 to 2006, corresponding to an insignificant change of 0.174 per 10 years in Table 2 .
[20] Next, we look at the changes in the present climate simulated by CGCMs, depicted in Figure 4b . The analyzed three variables have less interannual variability compared to that in the observations, because we take the ensemble mean of the 13 models that have various interannual variabilities. That is, the huge differences of the analyzed three variables between observation and ensemble mean are caused by averaging each model which has a different interannual variability. In addition, as stated in the section of cold event definitions, the number of cold event occurrences shows a dramatic difference with respect to model resolutions. For example, while the most frequent occurrences of cold events are found in the highest-resolution model (i.e., MIROC3.2_ hires), the lowest-resolution model (i.e., GISS-ER) simulates the smallest number of cold event occurrences ( Figure 5) . Thus, the model resolution bias is also a significant contributor to the huge discrepancy in the number of cold events between the observations and the model ensemble mean. In spite of the fact that there are discrepancies of variabilities among the CGCMs, it is noteworthy that in the ensemble mean, the number of cold days and cold surges significantly decrease and slightly increase, respectively, under the strong warming trend, which coincides with the observations. The results are supported by statistical values of trends in 20C3M, as shown in Table 2 . Thus, the model performances simulating the changes in the present climate give us further confidence for projection of future events. For the mid and late twenty-first century, the ensemble mean of the 13 CGCMs simulates long-term trends of decrease and increase in cold day and cold surge occurrences under ongoing warming throughout the analysis periods (Figures 4c and 4d) . Interestingly, as shown in Table 2 , while the mid twenty-first century under a steep warming trend (0.37°C per decade) shows larger changes in cold day and cold surge occurrences (−2.51°C and +0.51°C per decade, respectively), the CGCMs at the end of the twenty-first century predict little changes (−1.75°C and +0.12°C per decade, respectively) with a relatively weak warming trend of 0.27°C per decade. It might well be caused by the nature of the A1B scenario, which assumes fossil fuel emissions will decrease after a peak around 2050.
[21] Figure 5 shows the values of the winter mean temperature, the number of cold days, and the number of cold surges over East Asia averaged over 20 years, for the three time periods in the 13 models and their ensemble mean. A large variation, ranging from −3.5°C in GFDL-CM2.0 to 5°C in CSIRO-MK3.5, across models is found in the simulation of winter mean temperature in the present climate (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) . The temperature biases are also shown in two future climate simulations (2046-2065 and 2081-2100) . In general, while GFDL-CM2.0 and GFDL-CM2.1 have cold biases relative to other models, CSIRO-MK3.5 and MIROC3.2_hires tend to simulate higher temperatures over East Asia. Differences of cold day and cold surge occurrences among models are also apparent. In the late twentieth century, both cold day and cold surge occurrences reach a minimum value in GISS-ER (e.g., about 13 and 3, respectively) and a maximum value in MIROC3.2_hires (e.g., about 70 and 16, respectively). The differences in the mid twenty-first century and late twenty-first century are analogous to those in the late twentieth century. The intermodel wide-range discrepancy of cold day and cold surge occurrences is caused by the horizontal resolution of each model. The higher-resolution model has more grid points in East Asia, resulting in more numerous detections of cold extreme events of a smaller scale as well as a larger scale, while the lower model can capture only largescale cold events because of fewer grid points and coarser resolution.
[22] Despite the large variation across models, all models consistently show the continuously increasing winter mean temperature from the late twentieth century to the late twentyfirst century, in accordance with the results shown in previous studies [Meehl et al., 2007] . All models show a significant decline of cold day occurrences for the mid twenty-first century relative to the late twentieth century, from 35% to 80% according to the model. By the late twenty-first century, Figure 5 . (a) Winter mean temperature, (b) the number of cold days, and (c) the number of cold surges averaged for 20 years in the late twentieth century (black bar), the mid twenty-first century (gray bar), and the late twenty-first century (white bar). the significant decrease reaches 40% to 90%. This indicates that a rise of winter mean temperature induced by global warming drives the warmer SAT anomalies than those in the present climate (i.e., used in definition of cold days); thus the fixed criteria for cold days has become relatively stricter in the future climate [Vavrus et al., 2006] .
[23] Comparing the mid and late twenty-first century with the late twentieth century, eight of the 13 models show a slight increase in cold surge occurrences and the remaining five show a slight decrease. Though there are some discrepancies among the models, the increase and decrease are located within the limits of ±12% change in which the maximum change is simulated in CSIRO-MK3.0. In addition, the percentage change of cold surge occurrences in the ensemble mean are at most −0.75% for the mid twenty-first century and +0.66% for the late twenty-first century, relative to the late twentieth century. In contrast, those of the cold day occurrences are found to be 65% and 80% for the same two periods. Thus, the changes in the number of cold surges under global warming are insignificant and the occurrences are projected to remain frequent in the future warm climate.
[24] As shown in Figure 5 , there are the huge differences of the number of cold event occurrences with respect to the model resolution, though the considerable decrease of cold day occurrences and the insignificant change of cold surge occurrences are found regardless of the model resolutions. The five grid point definitions of cold events applied in this study inherently induce that the higher-resolution models can detect the smaller-scale cold events that are missed by the lower-resolution models because of the different areal coverage. The model resolution dependency of the frequency of the cold events may make the interpretation of main results in this study complicated. Thus, to remove the impact of the model resolution, we subdivide the East Asian region into four regions, which have the same areal coverage, and then the cold events are defined using the values averaged at the individual grid points over each region. Four regions are north China (105°E-125°E, 30°N-40°N ), middle China (105°E-125°E, 40°N-50°N ), south China (105°E-125°E, 20°N-30°N), and Korea (125°E-135°E, 30°N-50°N ). Figure 6 shows the number of cold days and cold surge occurrences averaged over each region in late twentieth century, the mid twenty-first century, and the late twenty-first century simulations. When the same areal coverage regardless of the model resolution (i.e., a regional approach) is applied to the cold event definition instead of the five grid point approach, the model resolution dependency of the frequency of the cold events is eliminated. As seen in Figure 6 , a clear decrease of cold days and an insignificant change of cold surges are also found, which coincides with the results in Figure 5 .
[25] By comparison with the noteworthy changes of the number of cold days, changes in the number of cold surge occurrences are very insignificant. The model indicates that the increasing mean temperature caused by the enhanced greenhouse gas concentration has almost no effect on the cold surge occurrences, in contrast to the robust diminishing influence on cold day occurrences.
Relation of Cold Day and Cold Surge Occurrences to the Mean and Variability of the Temperature
[26] From the above discussion, it is presumed that the increase in the winter mean temperature is irrelevant to the changes in cold surges; however, it contributes to a remarkable decline of cold day occurrences. To further verify the behavior of cold days and cold surges with respect to the winter mean temperature, scatterplots for the relationship between the winter mean temperature and the number of cold days and cold surges are represented in Figure 7 . Values for periods of 20 years for the 13 models and their ensemble means in the three time periods are used for the scatterplots. Thus, the number of scattered values is 840, which is computed by a multiplication of the three time periods, 20 years, and 14 models (thirteen models and one ensemble mean). Considering the widespread scattering of the values by the large variations across models (Figure 5 ), it is difficult to verify the above mentioned relationship. For a convenient and direct comparison among the three time periods regardless of discrepancies among models, we normalize the winter mean temperatures, the number of cold days, and the number of cold surges with respect to all the scattered values (i.e., 840 values) prior to the plotting. Figure 7a shows the relationship between the normalized winter mean temperature and the normalized number of cold days. The blue, green, and red symbols represent the values for the late twentieth century, mid twenty-first century, and late twenty-first century, respectively. It is evident that there is a rise of winter mean temperature and a reduction of cold day occurrences from the late twentieth century through the mid twenty-first century to the late twenty-first century. Almost all the values in the late twentieth century are found above zero for the number of cold days and below zero for the winter mean temperature, while those in the mid twenty-first century tend to concentrate on the zero. However, the projected results for the late twentyfirst century display a scatterplot of winter mean temperature and cold day occurrences distributed on positive and negative values, respectively. These results indicate that they are negatively correlated. The correlation coefficient of −0.49 supports the evidence of the negative relationship. Interestingly, the negative relationship does not seem to be linear. The number of cold days in the late twentieth century decreases steeply with increasing winter mean temperature. However, in the mid twenty-first century the gradient of the reduction slope is much smaller and in the late twenty-first century the slope almost diminishes. In addition, an interesting feature is that the cold days do not decrease any lower than −1 with further warming, though the statistically normalized values generally range from −4 to +4. This indicates that the behavior of cold days is sensitive under warming below a specific threshold, but above the threshold, even a consistent increase in winter mean temperature under serious global warming cannot reduce the occurrence of cold days.
[27] The scatterplot showing the distribution of the number of cold surges with respect to the winter mean temperature is shown in Figure 7b . The three time periods are separated into three groups, which are negative, neutral, and positive normalized temperatures, according to the winter mean temperature, indicating an increase in the winter mean temperature under global warming. However, the differences in the number of cold surges among the three time periods are insignificant. That is, the number of cold surges is spread with a distribution that is irrelevant to the winter mean temperature, resulting in a very low correlation coefficient of 0.08 between them. In addition, Figure 7b shows that only the positive normalized numbers of cold surges reach values Figure 6. (a, c, e, g ) The number of cold days and (b, d, f, h) cold surges over north China (105°-125°E, 30°-40°N) (Figures 6a and 6b) , middle China (105°-125°E, 40°-50°N) (Figures 6c and 6d) , south China (105°-125°E, 20°-30°N) (Figures 6e and 6f) , and Korea (125°-135°E, 30°-50°N) (Figures 6g and 6h) averaged for twenty years in the late twentieth century (black bar), the mid twenty-first century (gray bar), and the late twenty-first century (white bar).
beyond the winter mean temperature of ±1°C, while most of the negative numbers are concentrated within a winter mean temperature of ±1°C. More than the average number of cold surges seems to occur under a whole range of winter mean temperature, and it means that frequent cold surge occurrences are not influenced by an increasing temperature under global warming.
[28] The insignificant changes of cold surges under global warming and the irrelevance to the winter mean temperature might be explained by the variability rather than the mean. Thus, it is supposed that the rising temperature related to global warming cannot lead to a change in the winter temperature variability. To confirm the above supposition for the temperature variability, scatterplots for comparison of the mean and standard deviation of the winter temperature in the mid twenty-first century and the late twenty-first century with those of the late twentieth century are constructed for 13 models and their ensemble mean ( Figure 8 ). As shown in previous studies [Meehl et al., 2007] , all the models in Figure 8a simulate a stronger warming associated with the mean temperature in the mid and late twenty-first century than in the late twentieth century, in accord with the results in Figure 5a . For the standard deviation instead of the mean, the scattered values in most of the models are concentrated around the one-to-one reference line, which implies that the difference in standard deviation between the present and future climate runs is small (Figure 8b) . As a result, though the magnitudes vary among the models, the temperature variability in the twenty-first century is almost the same as that in the twentieth century, inducing frequent cold surge occurrences in the future warm climate, comparable to the present relatively colder climate.
Summary and Discussion
[29] In this study, the behaviors of cold day and cold surge occurrences simulated by 13 CGCMs participating in the IPCC AR4 are mainly examined in terms of climate change projections. In the present climate, both observations and the CGCMs show the dipole pattern of cold days and the wave train pattern of cold surges in which SLP and SAT are out of phase with each other. In addition, the changes in cold day and cold surge occurrences under the recent warming found in the observations are well simulated in 20C3M by the CGCMs. This raises our confidence in the projection of the future climate. In agreement with the observation results over the period of 1980-2006, the ensemble mean of simulations for the late twentieth century and mid and late twenty-first century represent a considerable reduction of cold days and a slight increase in cold surges under a strong warming trend. The projected changes in the future climate averaged for years 2046-2065 and 2081-2100 relative to the present climate for years 1980-1999 show a significant decrease in cold days under an increasing mean temperature, which is consistent with the general scientific consensus given in many previous studies. However, no significant change in the number of cold surge occurrences in the mid and late twenty-first century simulations is found, compared to the late twentieth century simulation. Thus, the cold surge occurrences still remain frequent in the future warm climate; that is, they are not correlated with the winter mean temperature. The values of temperature variability in the future warm climate are similar to those in the present colder climate, leading to the frequent cold surge occurrences.
[30] Cold surge events are strongly related to the activity of the Siberian High [Takaya and Nakamura, 2005] , so the intensity of the Siberian High is used as one of the main factors in the cold surge definition [Jeong and Ho, 2005; Park et al., 2011] . Thus, it is expected that a recent long-term change in the intensity of the Siberian High is also insignificant, similar to that in cold surge frequency. To examine the change in the Siberian High strength under global warming, we calculate some indices which reveal the strength and then summarize the ensemble mean values averaged for the three time periods in Table 3 . The change in the number of strong Siberian High days is about 0.4 at the most. Moreover, the intensities of center and domain mean of Siberian High in the late twentieth century are much the same as those in the twenty-first century. Thus, it indicates that the insignificant change of cold surge frequency can be caused by the lack of changes in a magnitude of the Siberian High. However, there are many controversies concerning the changes in a magnitude of the Siberian High under global warming. Panagiotopoulos et al. [2005] ascertained that a dramatic decreasing trend has been found in the intensity of the Siberian High between 1978 and 2001. In addition, Kim et al. [2005] and Hong et al. [2008] have found that the Siberian High has grown weak since the 1950s. On the other hand, interestingly, in their studies there is no long-term weakening trend in intensity of the Siberian High after the 1980s under strong global warming, which can support the results of the present study. Thus, the issue of the recent trend of the Siberian High under global warming and its relation to the changes in cold surge occurrences seems to still be under contention. To lead to a general consensus on the matter, more in-depth research based on various observations (e.g., surface stations) or reanalysis data sets (e.g., NCEP/NCAR Reanalysis 1 and 2, European Centre for Medium-Range Weather Forecasts Reanalysis, Japanese 25-year Reanalysis Project, and so on) and model simulations should be conducted.
[31] Several cautionary notes should be mentioned regarding the present study. First, only one ensemble member for each CGCMs is analyzed, which might lead to a reduction in the confidence of the present results because of a chaotic bias by the model-generated atmospheric internal variability. We believe that our findings are not controlled by atmospheric internal variability, but this should be checked in more ensemble members in future studies. Second, we focus only on the changes in occurrence of cold days and cold surges without considering their characteristics. However, global warming seems to induce changes of various properties such as duration and intensity as well as the occurrence numbers reported in this study. The duration and intensity changes of cold days and cold surges are a very important topic in climate change research because of their direct relations to human activities. Finally, cold days and cold surges are strongly linked to external forcing like the Arctic Oscillation (AO) [Jeong and Ho, 2005; Park et al., 2011] and the El Niño-Southern Oscillation (ENSO) [Zhang et al., 1997a; Chen et al., 2004] ; however, such changes under global warming have not been discussed in this study. In several studies, changes of the AO [Gillett et al., 2002] and the ENSO [Kug et al., 2010] in response to forced greenhouse gas concentration have been reported. These external forces are responsible for changes in cold days and cold surges under global warming, and the relationship between them and the two extreme cold events will be considered in a future in-depth study.
[32] In spite of the abovementioned limitations, we would like to emphasize the probable frequent occurrences of cold surges, which can be important in the relative concept of the cold extreme events, as being distinct from cold days reported in many previous studies under global warming. For example, there is no doubt that temperature in the climate of the 2000s is higher than that in the climate of the 1950s; however, in spite of similar temperature drops in both decades, humans, animals and plants in the climate of the 2000s seem to be more aware of the cold surges than in the climate of the 1950s because of being acclimatized to the warmer climate of the 2000s. Thus, the influences of the cold surges on human activities and the surrounding environment, adapted to the future warm climate, might be more severe; therefore, the population's vulnerability associated with cold surges should not be lightly treated regardless of the increasing mean temperature under global warming.
[33] In this study, the projected future cold surges are based on the A1B scenarios in the IPCC AR4 [Meehl et al., 2007] . To mitigate and adapt to future climate changes, most countries in East Asia (China, Japan, and Korea) have adopted their mitigation targets as 2°C global warming above the pre-industrial conditions (i.e., A1B). However, the present study suggests that governments may consider changing their mitigation target policies based on A1B. Our results suggest that the policies that limit greenhouse gases based on A1B cannot prevent the impact of future cold surges over East Asia.
